We performed picosecond time-resolved fluorescence spectroscopy in spinach photosystem II (PS II) particles at 4, 40, and 77 K and identified a new fluorescence band, F689. F689 was identified in addition to the well-known F685 and F695 bands in both analyses of decay-associated spectra and global Gaussian deconvolution of time-resolved spectra. Its fast decay suggests the energy transfer directly from F689 to the reaction center chlorophyll P680. The contribution of F689, which increases only at low temperature, explains the unusually broad and variable bandwidth of F695 at low temperature. Global analysis revealed the three types of excitation energy transfer/dissipation processes: (1) energy transfer from the peripheral antenna to the three core antenna bands F685, F689, and F695 with time constants of 29 and 171 ps at 77 and 4 K, respectively; (2) between the three core bands (0.18 and 0.82 ns); and (3) the decays of F689 (0.69 and 3.02 ns) and F695 (2.18 and 4.37 ns). The retardations of these energy transfer rates and the slow F689 decay rate produced the strong blue shift of the PS II fluorescence upon the cooling below 77 K.
Introduction
Photosystem II (PS II) is a multi-subunit protein complex that catalyzes the oxidation of water using solar energy. The efficient capture of light energy in the PS II complex is interesting in terms of its structure and energetics. The X-ray crystallography study of PS II of a thermophilic cyanobacterium, Thermosynechococcus elongatus, revealed a structure of dimeric PS II that contains 20 proteins and 77 cofactors per PS II unit at 3.0 Å resolution [1] . On the thylakoid membranes of higher plants and green algae, similar PS II dimers are assumed to be further surrounded by a number of light harvesting chlorophyll a/b protein complex II (LHC II), each of which contains 14 Chlorophylls (Chl's) [2] , forming the PS II-LHC II super-complex [3] . Each unit of the PS II-LHC II supercomplex has more than 200 Chl's in total. The photon energy captured by the antenna Chl's on the peripheral proteins is efficiently transferred to the Chl's on the reaction center (RC) moiety and used for the charge separation. The RC moiety is made of D1, D2, and cytochrome b 559 protein subunits containing six molecules of Chl a including a special pair P680, two molecules of pheophytin a, one non-heme iron, and two molecules of plastoquinone A. We here studied the picosecond decay of the Chl a fluorescence at 4-77 K to determine the mechanism of highly efficient energy transfer in the PS II-LHC II super-complex.
Chl a fluorescence has been studied in various PS II preparations and isolated antenna complexes to understand the mechanisms of efficient energy transfer (see Ref. [4] for a review). At room temperature, plant PS II particles, which contain all the PS II antenna and RC complexes, exhibit a single peak of fluorescence at 685 nm [5, 6] . On cooling, the peak shifts to the red and, then, turns into the two peaks at 685 and 695 nm below 100 K that are named F685 and F695, respectively [7] . A time-resolved fluorescence measurement revealed the excitation energy transfer (EET) between these two bands [8, 9] . F695 seems to be emitted from a Chl a in CP47 [5, 10, 11] because the isolated CP47 has revealed an absorption band of the lowest energy level Chl at 690 nm [12] . van Dorssen et al. proposed that F685 was emitted from CP43 [10] . It has been, therefore, assumed that the excitation energy is transferred from bulk antenna Chl's to the low energy Chl's in CP43 and CP47 and then transferred to the Chl's containing P680 in the RC moiety by a slightly uphill energy transfer process [13] .
The cooling of PS II below 77 K is known to further increase the fluorescence intensity together with the blue shift of the spectrum. The fluorescence spectrum at 4 K exhibits a single peak at 687 nm with a shoulder band at around 692 nm with a 3-fold increase in the intensity [14, 15] . A blue shift of the fluorescence was also detected in the isolated PS II core complex that lacks LHC II or in the isolated RC-CP47 complex that lacks CP43 [6] . The blue shift is rather difficult to be interpreted as the thermal re-distribution of the excitation energy among the different energy levels of Chl bands, as seen in PS I [16] . In contrast, the isolated RC, CP43, and CP47 complexes showed no such blue shift. The isolated RC complex gave a single fluorescence peak at 684 nm with a slight narrowing of the bandwidth and a 2-fold increase in the intensity upon cooling from 77 to 4 K [17] . Furthermore, the fluorescence at 4 K of the isolated CP43 and CP47 showed no peak shifts but, rather, single peaks at 683 and 691 nm, respectively, with intensities that were almost 2-fold higher than those at 77 K [5, 18, 19] . These results suggest that some modifications of the EET process between different subunit proteins induced the blue shift and the enhancement of fluorescence at 4 K in PS II.
Two models that resemble each other were recently proposed to interpret the temperature-dependent changes of the steady-state fluorescence at 4 K to room temperature in intact PS II and core complexes [6, 15] . The models proposed that F695 originates from the lowest-energy Chl (absorbing at 690 nm) in CP47, which cannot transfer excitation energy to RC at low temperature, and that F685 originates from the low-energy Chl's in both CP43 and CP47 (absorbing at around 683 nm) that transfer excitation energy to RC. The spectral blue shift at 4 K was proposed to occur by the increased emission yield of a blue-side fraction in the inhomogeneous distribution of the 690 nm absorbing Chl in CP47 due to the decrease of the thermal excitation energy [6, 15] . In the present study, we measured the picosecond kinetics of fluorescence in spinach PS II particles at 4, 40, and 77 K and analyzed the kinetics of each emission component band. We first calculated the decay-associated spectrum (DAS), which indicates the rise and decay of fluorescence at different wavelengths, and then performed a global Gaussian deconvolution analysis of time-resolved fluorescence spectra on the same data sets to determine the precise peak positions of component bands and the decay profiles. The method clarified the temperature dependencies of the rise and decay of each component band and identified a new fluorescence emission band F689 that is detectable only below 77 K. The temperature dependency of the excitation energy transfer dynamics in intact PS II is discussed on the basis of the new results.
Materials and methods

Isolation of PS II particles
PS II particles (BBYs) were prepared from spinach as reported [20] with some modifications [21, 22] . The obtained PS II particles were suspended in a medium containing 0.4 M sucrose, a 20-mM MES buffer (pH 6.5), and 20 mM NaCl and used for the spectroscopy.
Measurement of the time-resolved fluorescence
Time-resolved fluorescence profiles were collected with a spectrograph made of a 30 cm monochromator and a streak camera (Hamamatsu 4334; Hamamatsu Photonics Inc., Hamamatsu, Japan). The PS II particles in a 1-mm light-path cuvette were dark-adapted for 10 min, cooled down to 77 K in liquid nitrogen, and then placed in a liquid-helium cryostat (Oxford Instruments, Inc., Abingdon, Oxfordshire, UK). The excitation flashlight was provided by a laser diode emitting at 405 nm (with a 50-ps pulse width and operated at 1 MHz, Hamamatsu Photonics Inc., Hamamatsu, Japan) through a 405-nm interference filter. The fluorescence from the sample was focused onto the entrance slit of a monochromator with a slit width of 40 μm that has a grating with 100 grooves mm − 1 blazed at 780 nm (Chromex 2501-S; Hamamatsu Photonics, Hamamatsu, Japan) through a 650-nm red cutoff filter (Toshiba R650, Toshiba, Tokyo, Japan). The whole fluorescence emission was diffracted in the monochromator, which was set at a center wavelength of 700 nm with a spectral resolution of 3.3 nm. The exit of the monochromator was connected to the streak camera, and the photoelectrons were collected in the photon-counting mode to give a 150-nm wavelength axis and a 1-or 5-ns time axis in a 640 × 480 pixels CCD image for 100,000 shots (approximately 1 h), as described elsewhere [23] .
Global multi-exponential fitting analysis of fluorescence time courses
The measured fluorescence profiles were divided into 64 wavelength regions (10 pixels (2.2 nm) each) and summed along the wavelength axis to obtain the fluorescence time course at each wavelength region. Global multi-exponential fitting was performed on these time courses according to the convolution procedure to obtain the decay-associated spectra (DAS). The Gaussian shape was assumed as a response function. All the fluorescence time courses from the 1-ns and 5-ns measurements were fitted simultaneously to obtain accurate time constants. The DAS components which had time constants shorter than 500 ps were estimated mainly from the analysis of 1-ns measurement and those longer than 500 ps mainly from 5-ns measurement.
Gaussian deconvolution analysis of time-resolved fluorescence spectra
The fluorescence profiles were divided either into 48 time regions at an interval of 23 ps (10 pixels) for the measurement in the case of data acquired in the 1-ns mode or into 240 regions at an interval of 22 ps (2 pixels) in the 5-ns mode. The photon counts in each division were summed up along the time axis to obtain the time-resolved fluorescence spectrum. All the analysis was performed with respect to the wave number. Deconvolution was performed on each time-resolved fluorescence spectrum from 670 to 710 nm. The parameters (peak wavelength, peak height, and bandwidth) of each Gaussian component band were assumed by a home-built deconvolution program and adjusted to give parameters common for the spectra at all decay times. Then, the rise and decay profiles of each component band were calculated.
Results
3.
1. Steady-state fluorescence spectrum measured at the low-temperature limit Fig. 1 shows the absorption spectrum at 4 K of spinach PS II and the emission spectra of steady-state fluorescence excited at 405 nm at 4, 40, and 77 K. In the absorption spectrum, the peaks of Q y bands of Chl a and Chl b were clearly seen at 674.6 and 648 nm, respectively, as reported [24, 25] . The asymmetric Q y peak of Chl a suggests multiple spectral forms. All the Chl b molecules are known to reside in the peripheral antenna protein, LHC II, whereas Chl a resides in both the peripheral and core antenna complexes [1, 2] . Almost all the photon energy is absorbed by the antenna Chl's and then transferred to the central RC (D1/D2 heterodimer) region. The peak wavelength of the fluorescence spectrum was shifted from 695 to 691 nm on cooling from 77 to 4 K with a 3-fold increase in intensity. A distinct shoulder observed at 685 nm at 77 K was unclear at 40 K and almost disappeared at 4 K [5, 14, 15] , in parallel with the appearance of a new small shoulder band at around 680 nm (Fig. 1, inset ) that seemed to represent the fluorescence from LHC II. The results confirmed that the cooling below 77 K induces the blue shift of the fluorescence spectrum.
Fluorescence decay at 4, 40, and 77 K
We measured the decay profiles of the fluorescence decay at 4, 40, and 77 K by the use of a streak-camera-based detector system. The system enabled us to calculate the time courses at any range of wavelength (see Fig. 3 ) as well as the timeresolved spectra at any delay time (see Fig. 5 ). At 40 and 4 K, the decay rate of the fluorescence became slower, and the contributions of the shorter wavelength fluorescence became larger than those at 77 K (see Fig. 5 ), as expected from the blue shift and the enhancement of the steady-state fluorescence, as shown in Fig. 1 .
3.3.
Temperature-dependent change of the decay profiles of the total fluorescence Fig. 2 shows the decay profiles of the total fluorescence at 4, 40, and 77 K. The traces were obtained with summing up all fluorescence emission between 670 and 710 nm. We combined two traces obtained from the 1-ns and 5-ns measurements to increase the accuracy. The decay time courses were rather complex, especially at 77 K. At 4 and 40 K, the decay rates at 1 ns after the excitation were quite similar to each other. In the time range shorter than 1 ns, the decay was significantly slower at 40 K than at 77 K. This tendency became more significant at 4 K.
In the isolated LHC II, the decay lifetimes have been reported to be almost constant at around 5.5 ns in the wide temperature range from 4 K up to 200 K [26, 27] . This indicates that the rate of radiative and/or non-radiative relaxation of the excited state of Chl inside LHC II is almost temperatureindependent between 4 and 77 K without the energy transfer process. The deceleration of the decay rate and the increase of the intensity observed at 4 K in PS II, therefore, suggest the slower energy transfer or the slower trapping of excitation energy in the PS II multi-subunit complex upon cooling. Especially, the decay rates after 1 ns became significantly slower at 4 and 40 K. This implies the temperature sensitive slow trapping process in PS II at 77 K that includes the uphill EET step which is suppressed at the low temperature. Fig. 3 shows the typical fluorescence decay time courses at 4 K at each wavelength region between 678 and 695 nm. Generally, the blue side of the fluorescence decayed faster (e.g., at 678 and 680 nm in Fig. 3a and b) , whereas the red side (e.g., at 689 and 695 nm in Fig. 3d and e) showed distinct rising phases followed by very slow decay phases. These observations clearly indicate the characteristics of the fast downhill energy transfer from the shorter-wavelength Chl's (at the high-energy levels) to the longer wavelength Chl's (at the lower-energy levels) in PS II. Even in the red side, the decay time courses are very different at 689 and 695 nm. The rise and decay at 695 nm are extremely slow. This complicated kinetics suggests the contributions of multiple spectral components that overlap each other.
Analysis of the decay profiles at 4 K
In the multi-exponential fitting analysis of the decay kinetics below, we analyzed two time courses at each wavelength range calculated from the 1-ns and 5-ns measurements simultaneously to estimate the accurate decay profiles over a long period. Five exponential decay (rise) components fitted all the traces at 670-710 nm satisfactorily. The components common for all the decay time courses at different wavelengths had time constants of 28 ps, 171 ps, 818 ps, 3.02 ns, and 4.37 ns. Fig. 4a shows the DAS obtained in the global multiexponential analysis at 4 K. The three faster DAS components with time constants of 28, 171, and 818 ps show both positive and negative peaks that are indicative of the decay of one fluorescence band in parallel with the rise of another, showing the characteristics of EET; on the other hand, the two slower DAS show only positive peaks, suggesting their decays in the trapping/relaxation processes. Positive peaks were located at around 678, 682, 686, 691, and 695 nm, while negative peaks were located at around 686, 691, and 695 nm. The contributions of these DAS components to the time courses of the fluorescence at different wavelengths are shown by dotted lines in Fig. 3 .
The fastest 28-ps DAS had positive and negative peaks at 678 and 686 nm, respectively, suggesting the presence of an EET from the Chl that emits at around 678 nm to another that emits at around 686 nm. The latter seems to correspond to the F685 band. The second DAS with a 171-ps time constant had positive and negative peaks at 682 and 691 nm, respectively. The positive peak at 682 nm seems to represent F680 that is probably emitted from LHC II. The time constant, thus, represents the EET from F680 to the band that emits fluorescence at around 691 nm (tentatively designated F690 here and discussed more in depth in the following section) probably in the core antennae at 4 K. The rise and decay of the 28-and 171-ps DAS components are shown as time courses indicated by circles and squares in the insets of Fig. 3a and b. The two DAS spectra also imply the presence of the Chl emitting at a shorter wavelength than F680; thus, we call it F678 below.
The third DAS component showed a time constant of 818 ps and suggested an extremely slow EET from the 686-nm band (F685) to the 695-nm band (F695). The slow EET (plotted with triangles in Fig. 3c and e) was confirmed from the slow rise of the fluorescence at 695 nm with a peak at 500 ps. The 686-nm wavelength of the positive peak is almost identical to that of the negative one in the 28-ps DAS and suggested it to represent F685. The results indicate the EET from F678 to F685 with a time constant of 28 ps and then from F685 to F695 with a time constant of 818 ps.
On the other hand, the two slow DAS components with time constants of 3.0 and 4.4 ns showed only positive peaks at 690 and 695 nm, respectively. They seemed to represent the decay through the fluorescence emission and the energy trapping by the RC Chl's.
The fluorescence at 695 nm has long been known as F695, whereas fluorescence with a peak at around 690 nm has never been identified. However, the 690-nm positive peak in the 3.0-ns DAS corresponded well to the negative peak in the 171-ps DAS. The coincidence suggests the function of the Chl emitting at around 690 nm (F690).
The 4.4-ns lifetime of F695 is very slow and is close to the intrinsic lifetime of Chl a of ≈6 ns [28] , suggesting its function as an energy sink that does not transfer energy to the other Chl's at 4 K. The 3.0-ns lifetime of F690 is also slow and suggests it to be an energy sink that dissipates energy mainly as fluorescence. However, a slightly faster rate may reflect the transfer of excitation energy to some other component, such as the RC moiety, presumably in the uphill manner. The large positive area of F690 in DAS further suggests it to be the major sink of the excitation energy at 4 K.
Analysis of the decay profiles at 40 K
At 40 K, five DAS components also fitted the profiles well with a slight blue shift of each peak wavelength from those at 4 K (Fig. 4b) . The fastest component showed a time constant of 12 ps with positive and negative peaks at around 676 nm and 684 nm, respectively. Although the spectral shape was somewhat fluctuating due to the very fast decay, the characteristic of DAS is essentially similar to that of the 28-ps DAS at 4 K. The second and third DAS components had time constants of 70 and 229 ps, respectively. They show characteristics that are essentially similar to those of the second (171 ps) and third (818 ps) DAS components detected at 4 K, except for the one third-shorter time constants.
The fourth component with a lifetime of 1.1 ns has a positive peak at around 689 nm with a shallow negative region at 695-705 nm. The spectrum indicates EET from the Chl emitting at around 690 nm to the longer wavelength ones. The shallow negative region, which was not observed in the corresponding 3.0-ns DAS at 4 K, suggests a somewhat different decaying process, presumably via EET to F695.
The fifth DAS component with a 3.5-ns time constant showed only a positive peak at around 695 nm, showing the radiative decay of F695 with a slightly faster time constant of 4.4 ns at 4 K. The spectrum extends to the blue side compared to that at 4 K with the positive area larger than that of the 1.1-ns component. The result suggests that F695 is the major energy sink at 40 K.
3.6. Analysis of the decay profiles at 77 K At 77 K, only four DAS components could be identified (Fig. 4c) . The 29-ps DAS component showed a broad positive peak at around 680 nm and negative peaks at around 690 nm, suggesting a faster EET rate from F680 to F690 than that of the 171 or 70 ps EET detected at 4 or 40 K. Its positive band was slightly blue-shifted and broader than those of the 70 ps DAS at 40 K. The 29 ps DAS may also include the partial contribution of the fastest component detected at 4 K and 40 K. The result suggests that the fastest component with the 28-or 12 ps component detected at 4 or 40 K, respectively, began to have a time constant shorter than 5 ps (below the time resolution of the present study) at 77 K. The second component at 77 K showed a time constant of 181 ps, showing the EET from F685 to F695. The positive peak was also slightly blue-shifted, the bandwidth was broadened, and the decay rate was faster compared to that of the 229-ps DAS at 40 K (Fig. 4b and c, triangles) .
The third DAS component had a time constant of 692 ps that was shorter than the corresponding time constants of 1.1 ns or 3.0 ns at 40 or 4 K, respectively. This component showed the peak at around 690 nm with almost no negative band, suggesting that the extent of the EET from F690 to F695 was small even at 77 K. The result indicates the presence of F690 at every temperature from 4 to 77 K. Although F690 is hardly observed as a distinct peak in the steady-state fluorescence spectrum at 77 K, the contribution of F690 can be seen as the apparently broadened bandwidth of F695.
The slowest DAS component at 77 K showed a time constant of 2.2 ns with a spectrum different from the slowest ones at 4 and 40 K. The main peak at 697 nm was slightly red-shifted from the 695-nm peak detected at 4 and 40 K. A small but distinct shoulder was observed at around 685 nm, suggesting that F685 and F695 are decaying in parallel due to the fast equilibration of excitation energy at 77 K.
The results of DAS analyses suggest that the fluorescence band at around 690 nm (F690) is always present at temperatures below 77 K as a distinct kinetic and spectral component together with F685 and F695.
Global analysis of the decay process by the Gaussian deconvolution of the time-resolved fluorescence spectra
We also adapted another type of analysis of the decay process on the same data sets. Deconvolution to the Gaussian components was performed on each time-resolved fluorescence spectrum in a wavelength region from 670 to 710 nm, and the time courses of the individual bands were then estimated by global analysis. Although the time course might be a little erroneous because of the approximation using a simple Gaussian shape of the spectrum [29] , the analysis is useful to determine the correct peak position, bandwidth, and approximate decay kinetics of each component. Table 1 are also shown as thin lines. F689 is highlighted with a thin black area. The delay time after the laser excitation is shown in the figures.
We assumed six Gaussian components to fit all the timeresolved spectra at 4, 40, and 77 K, as shown in Table 1 and Fig. 5 . The highest-energy band, which also gave the fastest decay, showed a peak at 677 nm in every case. We designated this band as F677; it had been designated as F678 in the previous section. Three additional bands at 680, 685, and 695 nm identified in every deconvolution analysis were assigned to F680, F685, and F695, respectively. In addition, a band peaking at 689 nm was resolved at 4 and 40 K and at 690 nm at 77 K. This band is called F689 (or F690). We assumed one extra minor compensation band at around 703 nm to optimize the fitting in all cases. Fig. 5 summarizes the spectral components analyzed in each time-resolved spectrum, in which F689 (F690) is highlighted by a shadowed curve. Within a hundred ps after the laser excitation, F677, F680, and F685 gave higher contributions than F689 and F695. The apparent peak of each time-resolved spectrum shifted to the red with time, indicating the slow evolution of F689 and F695 bands. At 4 K, bands other than F689 and F695 almost disappeared after 2 ns. F689 decayed faster than F695. F695, thus, is the lowest energy sink in PS II and a main contributor to the steady-state fluorescence spectrum because of the slowest decay.
At 40 K, the peak of the time-resolved spectrum shifted to the red faster than that at 4 K due to the acceleration of EET. The F689 decay was significantly accelerated so that only F695 remained after 3 ns. This resulted in a lower contribution of F689 to the steady-state fluorescence spectrum at 40 K with an apparent red shift upon warming. In general, the decay profiles of the spectral components at 40 K were essentially similar to those at 4 K.
At 77 K, the kinetics in the longer time domain was modified more significantly. Apparent peaks of time-resolved spectra also shifted to the red with the passing of time. F689 decayed more rapidly and almost disappeared after 3 ns. On the other hand, a small contribution of F685 still remained even after 4 ns. Therefore, only F685 and F695, but not F689, can be clearly noticed in the steady-state fluorescence spectrum at 77 K. However, the contribution of F689 to the steady-state fluorescence produces the broad F695 band, as frequently noted in other reports [23, 30] .
The time course of the amplitude of each band was simulated as shown in Fig. 6 . At 4 K, the lower (redder) the energy level of fluorescence bands, the slower the decay. Each band showed an almost single-exponential decay, except for F689 and F695, which showed distinctive slow rises. This characteristic indicates the downhill EET towards the lower energy states at 4 K. At 40 K, F677, F680, and F685 exhibited multi-exponential decay kinetics, suggesting an increase in the thermally activated uphill energy flow from the lower states. The decay rates of F689 and F695 were still single-exponential types. The decay of F689 was accelerated significantly at 40 K, while the decay of F695 was not. At 77 K, the decay rates of all the components were more accelerated. F685 and F695 appeared to decay almost in parallel after 2 ns, suggesting the fast equilibration of the excitation energy between them. On the other hand, the decay of F689 (thick line) was faster and still independent from those of F685 and F695. This strongly suggests that the EET between F689 and F685 or F695 is slow below 77 K in agreement with a conclusion reached in global multi-exponential analysis.
Discussion
A new fluorescence band, F689
In the present study, both the global multi-exponential analysis and the Gaussian deconvolution analysis have revealed a new fluorescence band, F689, in addition to F680, F685, and F695. F685 and F695 have long been identified in PS II at lower temperatures. F689 is rather difficult to be identified in the steady-state spectrum at 77 K. However, it can be distinguished in the time-resolved spectra even at 77 K and more clearly at 40 and 4 K, showing a decay time constant that is significantly different from those of F695 and F685. F689 can be assumed to be an energy sink that functions in PS II together with F695 and F685. The retardation of decay rate of F689 on cooling was more significant than that of F695. This situation increased the relative intensity of F689 in the steady-state fluorescence and produced the blue shift of the peak from 695 nm at 77 K to 691 nm at 4 K.
If the blue shift of steady-state fluorescence peak to 691 nm at 4 K has occurred due to the inhomogeneity or the variation of bandwidth of F695 as described in Refs. [6, 15] , the EET between F685 and F689, which is a part of F695 in these models, should be very fast. However, the results of DAS analyses at 4 K indicated that F680 transfers excitation energy to F689 but not to F695, while F685 only transfers it to F695. The apparent bandwidth of F695, which was broader and more variable than that of F680 or F685, seems to be more easily explained by the temperature dependent change of the contribution of F689. We, thus, conclude that F689 and F695 are emitted from different Chl species that are located at different sites in PS II.
In the present analysis, the shorter-wavelength component bands generally showed a narrower FWHM, as reported ( [31, 32] , and references therein). The peak position and FWHM of F680 determined by the Gaussian analysis at 4 K (Table 1) are very close to those reported in the isolated LHC II at 7 K (680.4 nm and 4.7 nm, respectively, according to Ref. [27] ). Although the locations of Chl's that emit F685, F689, and F695 are not very clear, it is believed that F685 and F695 are the low-energy Chl's on CP43 and CP47, respectively [6, 10, 11, 15] . The estimated FWHM value of F685 at 4 K was similar to that reported in the isolated CP43 (4.7 nm, according to Refs. [19, 33] ), although the peak wavelength was red-shifted by about 2 nm. F689 and F695 bands showed FWHM values of 6-8 nm and 8-9 nm, respectively. The values were distinctly smaller than that of the fluorescence spectrum of the isolated CP47 (12.5 nm, from Ref. [18] ). The reason for the apparent discrepancy is discussed below.
Energy transfer pathways and trapping process in intact PS II
The 405-nm excitation light used in the present study is expected to excite more Chl a than Chl b and both peripheral and core antenna Chl a molecules. The fastest EET process after excitation seems to occur within the inner-core antenna (Figs. 3 and 4, circles) and within the peripheral antenna (LHC II). The former seems to occur with the time constants of 28, 12, and less than 5 ps at 4, 40, and 77 K, respectively, as mentioned above. Within LHC II, the downhill EET is expected to accumulate most of excitation energy to F680 in less than 28 ps [34] . Excitation energy, thus, seems to be rapidly accumulated either to F680 in LHC II or to F685 in the core antenna.
We identified the secondary EET process with the 171-, 70-, and 29-ps time constants at 4, 40, and 77 K, respectively, in the DAS spectra (Figs. 3 and 4, squares) . This component always shows a negative peak at around 690 nm, suggesting that LHC II (F680) provides its excitation energy to F689. The proposed structure of PS II [35, 36] suggests the direct EET from adjacent LHC II to both CP43 and CP47. Thus, some part of the excitation energy in LHC II should also migrate to F685, although this process has not been clearly resolved.
The third DAS component (Figs. 3 and 4 , triangles) seems to represent very slow EET from F685 to F695 with an 818-ps time constant at 4 K. We also noticed that this DAS component always shows the non-energy-conserving characteristic, i.e., asymmetrical large positive and small negative bands. This suggests that the excitation energy localized on F685 does not simply migrate to F695 but is decreased in some other way, implying that RC traps some part of the excitation energy from F685. The remaining excitation energy seems to be accumulated to the two lowest energy Chl's, F695 and F689. F695 seems to act as the lowest sink of excitation energy at 77 K. F689 decays more rapidly and seems to slowly transfer excitation energy to RC at 4 K. At the same time, the obtained DAS (Fig. 4 , crosses) suggests an extremely low EET rate between F689 and F695. The rate seems to increase at 77 K, giving an additional path for the decay of F689, judging from the DAS shape.
A previous measurement revealed that an RC-CP47 complex that lacks F685 gave a decay time of 4.5 ns at 698 nm at 77 K [37] . The decay time is slower than that of F695 measured in PS II particles in this study (2.2 ns in Fig.  4c, diamonds) . The faster rate suggests the presence of an uphill EET from F695 to CP43 (F685) at 77 K, which is absent in the RC-CP47 complex. This idea is supported from our assumption of the equilibration of the excitation energy between F685 and F695 at 77 K. The EET between F685 on CP43 and F695 on CP47 might be mediated by Chl's on RC in a monomeric PS II or might be possible only in the dimeric PS II complex, in which CP47 and CP43 are in direct contact with each other.
Temperature dependence of the excitation energy transfer rate
The temperature dependence of the EET rate is another tool for understanding the EET dynamics in PS II. To estimate a EET rate, we used the following equation:
where k EET , k decay , and k loss represent the apparent EET rate, the decay rate determined by global multi-exponential decay analysis, and the sum of radiative/non-radiative dissipation rates, respectively. To estimate the pure EET rates between the different pigment groups from the estimated EET rates in Table 2 , more detailed kinetic simulations with a certain model are required. We assumed a 1/k loss of 5.5 ns because it is known to be about 5.5 ns at 5 K in the isolated LHC II [26, 27] and 5.2-5.8 ns at 4-77 K in the isolated CP29 and CP47 proteins [13, 38] . The k EET values estimated by the use of Eq. (1) are summarized in Table 2 and in an Arrhenius plot in Fig. 7 . The rates of two faster EET's from F677 to F685 and from F680 to F689 decreased significantly on cooling from 77 to 40 K. From 40 to 4 K, the decreases were less significant. On the other hand, the slower two EET's from F685 to RC/F695 and from F689 to presumably RC/F695 were less affected on cooling to 40 K. It is also noted that, from 40 to 4 K, all four of these EET rates decreased almost in parallel and more steeply than the decay rate of F695. The results clearly indicate the reason for the spectral blue shift of steady-state fluorescence on cooling below 77 K. The sharp decreases of the EET rates on cooling to 40 K produced the higher yields of fluorescence at the shorter wavelength. The cooling effect from 40 to 4 K also demonstrates that the decreases of these EET rates are more significant than the decrease of the F695 decay. The nearly parallel, monotonous decreases of EET rates were seen from 40 K to 4 K, suggesting an extremely small activation energy of less than 3 kT for the EET. It, therefore, seems probable that all the EET processes in this temperature range are downhill types and became slower because of the smaller overlap between the donor emission band and the acceptor absorption band due to the band narrowing. The faster EET at 40-77 K showed higher apparent activation energies and might include the uphill-type EET processes.
At 77 K, the excitation energy was nearly equilibrated between F685 and F695 within 1 ns (see Fig. 4c , diamonds, and Fig. 6c ), giving the ratio of F685/F695 of 0.17, from their amplitudes. The absorption peaks of the pigments that emit F685 and F695 were estimated to be at 683 nm and 690 nm, respectively [18, 19] , indicating an energy gap of 148 cm − 1 . The value corresponds to 1.81 kT at 77 K and predicts that the ratio of the Boltzmann distribution of the excitation energy on the two pigments will be 0.16, which is close to the detected value of F685/F695. It is clear that equilibrium is not attained between F689 and F695, even at 77 K. On the other hand, the fast EET process at room temperature seems to include multiple steps of the uphill-type EET, most of which are suppressed or become negligible below 40 K. In conclusion, the EET process at 4 K occurs mainly in a downhill manner, and the rate is primarily determined by the mutual distance and overlap of bands of donor and acceptor Chl's because of the low thermal activation energy that cannot overcome the high energy gaps between different spectral forms of Chl's.
Origin of F689
F689 seems to be emitted from the Chl in CP47 because the isolated LHC II [27] and the isolated RC complex [6, 17, 37, [39] [40] [41] ] lack a fluorescence peak at 689 nm. Furthermore, the isolated RC-CP47 complex that lacked CP43 showed a slightly blue shift of fluorescence upon cooling below 77 K [6] . It was proposed that all the fluorescence is emitted from CP47 in the RC-CP47 complex. However, the fluorescence peak at 691 nm in the isolated CP47 showed no spectral blue shift upon cooling below 70 K [18] . These contradictory observations might be realized by the modification of the EET dynamics by the interaction of CP47 with RC. Both F689 and F695 appear to function as the energy sinks in CP47 in PS II particles or in RC-CP47 preparations, but only F689 can give its excitation energy to RC at 77 K.
We detected the splitting of the flow of excitation energy to F689 and to F695 at 4 or 40 K. F689 and F695 behave as the independent energy sinks at 4 K due to the slowdown of Fig. 7 . Temperature dependence of the rate of various energy transfer steps in PS II particles. The rates were calculated based on the results of DAS analysis as shown in Fig. 4 and summarized in Table 2 . the EET between them, as indicated by global multiexponential analysis. The situation is different from that of the EET between F685 and F695, which still exists at 4 K. It is, therefore, suggested that the EET from F689 to F695 contains an uphill-type EET that is effective only above 77 K. In the isolated CP47, transient absorption measurements at 77 K displayed the excited states of Chl with a 685-nm bleach peak and a 690-nm shoulder at 0.3 ns after the laser excitation [13] . The deconvolution of the steady-state absorption and linear dichroism spectra also revealed Chl bands at 683 and 690 nm [12] . More excitation energy was located on the shorter 683-nm Chl even upon nonselective excitation [13] . The 683-and 690-nm Chl's seem to emit F689 and F695, respectively. The 691-nm peak wavelength in the steady-state fluorescence at 4 K suggests a larger contribution of F689 than of F695. All these results indicate the non-equilibration of the excitation energy between F689 and F695 below 77 K. This situation will also produce the apparent small Stokes shift between the 690-nm absorption peak and the 691-nm fluorescence emission peak in CP47 [42] .
Tentative scheme of the energy transfer in PS II at 4-77 K
We identified F689 besides F680, F685, and F695 at 4-77 K. The blue shift of the fluorescence upon cooling below 77 K is interpreted as an increase of the shorter wavelength fluorescence, especially F689, due to the slowdown of the EET process. It is noted that the cooling from 77 to 40 K sharply slows down the fast EET processes to the core antennae, while that from 40 to 4 K slows down all the EET processes less significantly, except for the radiative decay of F695. The former temperature region, thus, seems to include the uphill EET, and the latter, only the downhill EET, which slows down due to the band narrowing.
The lowest level Chl in CP43 (F685) and that in CP47 (F695) seem to be thermally equilibrated at 77 K but not at 4 K. We propose a tentative scheme of EET at 4 K in Fig. 8a . The scheme can realize the blue shift of the steady-state fluorescence on cooling below 77 K. The F689 decay presumably includes the slightly uphill EET from the 683-nm absorbing Chl (F689 emitter) to the Chl's (including P680) on RC.
Another attractive scheme may be to put F695 and F685 on CP47 and F689 on CP43 (Fig. 8b) . The model expects the slow EET from F689 to F695 over a long distance across different subunits and the relatively fast EET between F685 and F695 on CP47. Then, all the downhill EET rates can be understood to represent just mutual distances between the emitter Chl's. The EET rates above 40 K can be significantly faster due to the thermal activation of the uphill processes that give additional EET pathways. The model, however, lacks supporting evidence from other types of experiments. The study of the EET on the RC-CP47 complexes, the monomeric and dimeric core complexes of PS II at 4 K, will lead to a better understanding of the EET processes in PS II.
The analysis of the temperature dependence of the EET process at 4-77 K revealed a new band, F689, the origin of the blue shift of the steady-state fluorescence spectrum, and the EET pathways in the PS II complex. The EET process at 4 K that is only slightly affected by the uphill EET process gives basic pathways of EET in PS II. Sports, and Culture. We are grateful to Dr. H. Mino and Dr. A. M. Gilmore for their valuable participation in discussions.
